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Abstract
The influence of coupled model sea surface temperature (SST) climatological
biases and SST projections on daily convection over the Intra-American Seas
(IAS) during the May–November rainy season are examined by clustering
(k − means) daily OLR anomalies in ECHAM5 atmospheric global climate
model (AGCM) experiments. The AGCM is first forced by 1980–2005 observed
SSTs (GOGA), then with climatological, multi-model mean monthly climato-
logical SST bias from 31 CMIP5 coupled models (HIST) and projected SST
changes for 2040–2059 (PROJ) and 2080–2099 (PROJ2) imposed on top of
observed values. A typology of seven recurrent convection regimes is identified
and consists of three dry and four wet regimes, including three regimes charac-
terized by tropical-midlatitude interactions between surface convection cells
across the IAS and Rossby wave in the upper-troposphere, and a regime of
broad wettening typical of the ITCZ. Compared to an earlier observational
study, all seven regimes are reasonably well reproduced in the HIST runs.
However, the latter exhibit drier dry regimes, a less wet ITCZ-like wet regime
and a southeastward shift of convective anomalies developing across the IAS
in the three other regimes, all result in a drier simulated IAS climate compared
to GOGA. ECHAM5 projection runs for PROJ and PROJ2 are both character-
ized by the inhibition of the broad ITCZ-like wet regime, indicating a signifi-
cant trend towards more frequent dry weather. Meanwhile, convection
anomalies related to tropical-midlatitude interactions are shifted further east
of the Caribbean as lead increases. These results suggest more frequent and
intense extreme rainfall over the tropical Atlantic and the southeast US, while
parts of the Caribbean are projected to experience drier climate. The projected
drying, however, is of the same order of magnitude as results from historical
SST biases, suggesting that the latter need to be considered in model projec-
tions, which might underestimate future IAS drying.
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1 | INTRODUCTION
The Intra-American Seas (IAS), which include both the
Gulf of Mexico (GoM) and the Caribbean Sea, are often
referred, together with the western tropical North Atlantic,
as the Atlantic warm pool (Giannini et al., 2001; Wang,
2007). The warm pool region is the largest convective
heating centre of the Western Hemisphere in boreal sum-
mer. The distribution of seasonal rainfall across the IAS is
heterogeneous due to several environmental factors, includ-
ing the complex islands topography, the proximity of trade
wind subsidence and local sea surface temperature (SST)
variations (Gamble and Curtis, 2008; Gouirand et al., 2011).
The seasonal cycle of precipitation over the Caribbean basin
in CoupledModel Intercomparison Project Phase 5 (CMIP5;
Taylor et al. (2012)) individual models exhibits a large
spread, when averaged over both land and ocean points,
even though their multi-model ensemble compares better
with observations (Figure 1). They generally underestimate
precipitation with many models also failing to capture the
early rain season peak frommid-May to mid-June and max-
imum rainfall in October with satisfying phasing or ampli-
tude. These systematic rainfall biases have been mainly
related to the inability of the different models to reproduce
the large-scale drivers of precipitation and SST patterns in
the Caribbean basin (Ryu and Hayhoe, 2014). In this study,
we use large-scale teleconnection patterns (Bjerknes, 1969)
to diagnose the influence of CMIP5 multi-model mean SST
biases on IAS climate simulated by an AGCM by focusing
on the recurrent convective regimes that cause summer pre-
cipitation (Vigaud and Robertson, 2017; VR17).
Projected drying in the IAS has been identified as one
of the most robust climate change signals in coupled model
projections for more than a decade (Giorgi, 2006; Neelin
et al., 2006; Meehl et al., 2007; Rauscher et al., 2008; Camp-
bell et al., 2011; Rauscher et al., 2011; Taylor et al., 2011;
Taylor et al., 2013a, 2013b, 2018). The reduction of regional
precipitation has been particularly related to stronger low-
level easterlies and Caribbean Low Level Jet or CLLJ
(Vecchi and Soden, 2007; Rauscher et al., 2008, 2011),
FIGURE 1 Mean seasonal cycle
of precipitation averaged over the
Caribbean region between
[5–28N;90–60W] in CMIP5 models
for Land + Ocean (a) and Land-only
(b) points for the 1980–2005 period
[Colour figure can be viewed at
wileyonlinelibrary.com]
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which is the primary vector of moisture transport across
the region (Duran-Quesada et al., 2010). Stronger easterlies
are associated with a more intense North Atlantic Subtropi-
cal High, inhibiting uplift, enhancing moisture divergence
and suppressing convection locally (Vecchi and Soden,
2007; Cook et al., 2008; Rauscher et al., 2008). This is con-
sistent with the “upped-ante” mechanism (Neelin et al.,
2003) linked to increased moist static stability with tropo-
spheric warming (Betts, 1998), that leads to projected drier
conditions in regions at the “margin” of climatological
deep convection.
In this study, we examine the influence of projected
changes in SSTs as well as CMIP5 climatological SST biases
on subseasonal convection variability over the IAS region.
A fundamental question is whether the model SST biases
influence convection in a manner similar to projections.
The CMIP5 SST biases are defined as the multi-model mean
(31 models) difference between monthly climatological
SSTs (1979–2005) with observations (Figure 2 upper left
panel). We then use different SST fields to force an AGCM
and examine daily output. Four sets of model runs are gen-
erated: control runs based on observed, global SSTs (global
ocean global atmosphere, or GOGA); historical runs forced
with observed SSTs plus CMIP5 SST biases (HIST); and pro-
jections based on observed SSTs plus the multi-model mean
projected SST changes for 2040–2059 (PROJ) and
2080–2099 (PROJ2), shown in Figure 2 upper centre and
right panels. The subseasonal variability of modelled con-
vection is assessed by clustering simulated daily OLR values
from May to November. Associated rainfall and atmo-
spheric circulation anomalies are analysed through
compositing, with a particular focus on tropical-midlatitude
interactions, and how these are influenced by the CMIP5
climalotogical SST bias. We then examine how changes in
the subseasonal character of precipitation drive changes in
the seasonal mean response of forced changes in
FIGURE 2 Mean May–November ECHAM5 HIST-GOGA (left), PROJ-HIST (centre) and PROJ2-PROJ (right) differences in SSTs (top,
in Celsius), 850 hPa winds (middle, vectors, in m/s), 500 hPa omega (middle, red/blue thick contours at and every ±10−2 Pas−1
corresponding to descent/ascent anomalies, respectively), 200 hPa geopotentials (middle, grey contours in m) and rainfall (middle, shadings
in mm/day), and (bottom) longitude-pressure cross-section, averaged from the Equator to 25

N, of geopotential (shadings, in m), zonal and
vertical winds (vectors scaled at 1 unit/ with vertical velocity magnified) with ECHAM5 GOGA mean vertical velocities (red/blue thick
contours at and every ±10−2 Pas−1 corresponding to descent/ascent anomalies, respectively). Only the grid-points for which anomalies are
significant at 0.05 confidence level of Student's t-test are displayed (for winds at least one component) [Colour figure can be viewed at
wileyonlinelibrary.com]
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climatological SST. This provides for a more process-
oriented analysis of forced drying in the IAS and of the
potential influences of SST biases. The article is outlined as
follows. The modelling experiments and clustering method
are presented in Section 2. Results from the cluster analysis
are then discussed in Section 3. The sensitivity of these
results to CMIP5 SST biases and projected SSTs are further
analysed in terms of rainfall and associated atmospheric cir-
culation anomalies as well as regime frequencies in
Section 4. Summary and conclusions are gathered in
Section 5.
2 | DATA AND METHODS
2.1 | Modelling experiments
The ECHAM5 AGCM used in this study is a spectral
model with a triangular truncation at wavenumber
42 (T42) and 19 unevenly spaced hybrid sigma-pressure
vertical layers (Simmons and Burridge, 1981). A complete
description of the model can be found in Roeckner (2003).
ECHAM5 is forced with prescribed, observed global SSTs
from the Extended Reconstructed SST dataset (ERSST v4;
Huang et al., 2015) for the 1980–2005 period (GOGA). Pre-
scribed sea ice concentrations are derived from the obser-
vational surface boundary forcing dataset for uncoupled
simulations with the Community Atmosphere Model
based on Hurrell et al. (2008) that is a merged product of
the monthly mean Hadley Centre sea ice and SST dataset
Version 1 (HadlSST1; Rayner et al., 2003) and Version 2 of
the NOAA weekly optimum interpolation (OI) SST analy-
sis (Reynolds et al., 2002). Greenhouse gases concentra-
tions are kept at the year 2000 values in GOGA runs and
there is no aerosol forcing. Sixteen ECHAM5 GOGA
members are generated using perturbed initial conditions
to isolate the SST-driven signals by ensemble averaging
which reduces the contribution of internal atmospheric
variability. Moreover, ECHAM5 has also been forced,
over the same 26-year period, by observed SSTs to which
were superimposed the multi-model mean historical SST
biases from CMIP5 models (HIST) such that:
SSTHIST= SSTbias+SSTobsÞ+SST 0obs
 ð1Þ
where SSTobs and SST 0obs are the observed monthly SST
climatology and anomaly, respectively, and SSTbias is the
CMIP5 bias in monthly SST climatology. Two last sets of
16-member ECHAM5 experiments were forced with CMIP5
multi-model mean projected SST changes for the
2040–2059 and 2080–2099 periods compared to 1980–2005,
which were added to the previous forcings as follows:
SSTPROJ= SSTchange+SSTbias+SSTobsÞ+SST 0obs
 ð2Þ
where SSTchange is the change in CMIP5 monthly SST cli-
matology for a projected time slice of interest. The
ECHAM5 PROJ (2040–2059) and PROJ2 (2080–2099)
experiments are based on the representative concentra-
tion pathway 8.5 scenario (RCP8.5). Figure 2 summa-
rizes, for the May–November season, the respective
differences in SST forcing and resulting atmospheric
fields from ECHAM5 GOGA to HIST experiments, along-
side those from HIST to PROJ and PROJ2.
Tropical convection is examined from May to
November using daily OLR produced by ECHAM5 his-
torical (GOGA and HIST) and RCP8.5 (PROJ and PROJ2)
experiments. The coarse spatial resolution of the model
does not capture individual meso-scale convective sys-
tems, but, it is their synoptic scale organization that is of
interest in this article, and this resolution does capture
the organization as seen in VR17 to which results will be
compared for the historical period.
2.2 | Dynamical clustering approach
Due to the convective nature of Caribbean rainfall, this
study focuses on intra-seasonal tropical convection
activity which is examined, as in VR17, by applying a
k − means clustering (Michelangeli et al., 1995; Cheng
and Wallace, 2003) to ECHAM5 simulated daily OLR
anomalies, obtained by subtracting the mean annual
cycle on a daily basis, over the domain [7.5–30N;
57.5–96W] centred over the Caribbean Sea and GoM.
An EOF analysis is first performed on the OLR correla-
tion matrix to reduce the dimensionality and to ensure
linear independence between input variables. A set of
PCs explaining 80% of the variance are retained: the
first 18 PCs for GOGA, based on a single experiment
here chosen randomly to illustrate the behaviour in the
model, and the first 19 PCs for ECHAM5 HIST, PROJ
and PROJ2 forced with the same perturbed initial con-
ditions as those used for the chosen GOGA member.
Separately for each of these single experiments, each
day is attributed to a given regime state based on simi-
larities between patterns of daily OLR anomaly and
those typical of each regime that are measured by
Euclidean distance, while the robustness of regime par-
titions is estimated by a classifiability index (Cheng and
Wallace, 2003). Next, for each ECHAM5 experiment,
daily OLR patterns from each ensemble member are
next classified as a single regime occurrence for which
Euclidean distance is minimized across the respective
ECHAM5 clusters to allow a direct evaluation of
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subsequent regime sequences across each ensemble
experiments (i.e., GOGA, HIST, PROJ and PROJ2) as in
(Vigaud et al., 2018).
Results from composites related to each daily OLR
regime are tested for statistical significance using the
two-tailed Student's t-test, comparing mean fields from
all days belonging to a regime versus ECHAM5 May–
November means.
3 | DAILY REGIMES OF
ANOMALOUS CONVECTION
SIMULATED OVER THE IAS
As in VR17, who used reanalyses data, the k − means
classifiability index obtained from ECHAM5 GOGA
(Figure 3) exhibits statistically significant values for k⩾7,
and the most compact seven-cluster partition is here
selected for the subsequent analysis.
3.1 | Historical experiments
Figure 4 displays each regimes daily OLR anomalies aver-
aged across all 16-member ensemble GOGA and HIST
experiments, with respect to the mean seasonal cycle, pro-
jected over a broader IAS region by compositing over all
days assigned to each cluster. In agreement with VR17,
anomalous convection regimes over the Caribbean consist
of three suppressed convection regimes (1, 2 and 3), and
four enhanced convection regimes (Figure 4). One of the
latter (Regime 7) is related to anomalous convection over
Central and South America with maximum positive load-
ings organized in a pattern resembling the footprint of the
ITCZ when at its northernmost location in summer
(Hastenrath and Lamb, 2004), while the remaining three
(4, 5 and 6) are all associated with convective anomalies
developing across the IAS and which were found to propa-
gate westwards in VR17, with potential linkages to tropical
cyclone (TC) activity in the tropical Atlantic-Caribbean sec-
tor. These results indicate that observed daily convection
variability in the IAS is reasonably well reproduced in
coarse AGCM simulations by comparison to VR17.
Transitions between the seven OLR regimes are illus-
trated in Table 1 obtained by counting for each day and each
regime, the regime occurring the following day. Highest
counts are found along the diagonal, indicative of the persis-
tence of each regime at daily time-scale. By contrast to
VR17, no significant transition probability compared to
chance is found between the different regimes, except from
Regime 3 to 6, suggesting that the propagation of convection
anomalies across the IAS observed for Regimes 4–6 in VR17
is not well reproduced by the model. Nevertheless, regimes
of suppressed convection (1, 2 and 3) represent half of the
days of the May to November season in Table 1 (about 52%)
as observed in VR17. These three regimes are also found to
prevail throughout the May-Nov season as in VR17, while
other regimes are more frequent after July (not shown).
Despite the systematic biases included in the SST forc-
ing, OLR anomalies for HIST regimes 1–7 are generally
similar to those obtained for GOGA runs with pattern cor-
relations of 0.79, 0.84, 0.69, 0.92, 0.87 and 0.73, respectively.
All three dry regimes, however, are associated with less dry
conditions across the IAS region in HIST experiments com-
pared to GOGA regimes, with largest negative differences
between both experiments located over maximum OLR
loadings for Regimes 1–3 in Figure 4, while wettening is
reduced over the IAS for Regime 7 in ECHAM5 HIST
(Figure 4 right column). Maximum OLR anomalies for
Regimes 4–6 are systematically shifted southeastwards in
HIST compared to GOGA experiments, as shown by con-
secutive negative and positive differences between both
experiments centred over maximum negative OLR anoma-
lies typical of each regime. From Table 2, HIST Regimes
3 and 4 are often followed by Regimes 6 and 7, respectively,
while Regime 6 is preferentially followed by Regime
5 suggesting modulations in regime sequences in addition
to changes in pattern anomalies that are presumably intro-
duced by the SST bias in HIST compared to GOGA.
Overall, the systematic SST biases in CMIP5 models
are found to favour drier conditions throughout the
May–November season, which is consistent with overall
seasonal rainfall being lower in HIST runs compared to
GOGA (Figure 2).
FIGURE 3 Classifiability index as a function of the number of
regimes k (boxes). The levels of significance at 0.1and 0.05 (solid
and dashed) are computed according to a first-order Markov
process [Colour figure can be viewed at wileyonlinelibrary.com]
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3.2 | CMIP5 projections
When the projected, multi-model mean change in
CMIP5 SST for 2040–2059 is superimposed on the HIST
SST field (see Section 2.1), Regimes 1–7 identified in
PROJ runs bear strong similitudes to those obtained in
HIST runs with respective pattern correlations of 0.92,
0.97, 0.99, 0.94, 0.90, 0.94 and 0.62. Thus, the differ-
ences between PROJ and HIST OLR patterns are
smaller than between GOGA and HIST runs. This is
illustrated by lower differences in Figure 5 left panels
for dry Regimes 1–3 compared to those in Figure 4. For-
PROJ-HIST, there is the footprint of positive OLR
anomalies in the northeast for Regimes 1 and
3 suggesting drier conditions (Figure 5, left panels).
PROJ-HIST differences for Regimes 4–6 are organized
in southwest-northeast oriented patterns of alternating
negative and positive differences, respectively located
north and south of the maximum negative anomalies in
HIST regimes. These indicate weaker convection
FIGURE 4 Mean 1980–2005 May–
November daily OLR anomalies
(in W/m2) for the seven convection
regimes across all ECHAM5 GOGA (left)
and HIST (centre) ensemble experiments
alongside their differences (right, blue/
red contours corresponds to negative/
positive differences starting at and every
±5 W/m2). Only the grid-points for
which anomalies are significant at 0.05
confidence level of Student's t-test are
displayed [Colour figure can be viewed
at wileyonlinelibrary.com]
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anomalies which are shifted northwards for Regimes
4 and 5 in PROJ runs. For Regime 6 in PROJ compared
to HIST experiments, maximum convection is shifted to
the northwest and increased over Central America,
with OLR anomalies extending further towards the east
Pacific, while drier conditions prevail over the Greater
Antilles. These differences suggest modulations in the
development of convective cells depicted by Regimes
4–6. Compared to Table 2, Table 3 also reflects lesser
proportion of occurrences of Regimes 4, 5 and 6 for
PROJ runs. Alternating positive and negative PROJ-
HIST differences north and south of the minimum OLR
anomalies from HIST runs for Regime 7 indicate a
southeastward shift of convection resulting in respec-
tively wetter and drier conditions in the southeast and
northwest IAS, while this regime becomes substantially
less frequent (Table 3).
The convection regimes obtained from 2080 to 2099
PROJ2 experiments have pattern correlations of 0.93,
0.99, 0.88, 0.87, 0.93, 0.95 and 0.80 with those from
PROJ. As shown in Figure 5, right panels, PROJ2 dif-
ferences from PROJ experiments for Regimes 4–6 are
also characterized by alternating negative and positive
anomalies oriented from the southeast to the northwest
suggesting maximum convection further and more
often to the east of the Caribbean for these regimes in
PROJ2. This is shown by a significant increase of
Regime 4 occurrences in Table 4. For Regime 7, convec-
tion is also increased over the eastern Caribbean and
less wet conditions over western regions of the IAS in
PROJ2 experiments relative to PROJ. The pattern of
maximum negative OLR anomalies in PROJ2 Regime
3 is also characterized by southeast-northwest oriented
patterns of negative and positive differences that imply
less dry conditions over Central America in PROJ.
Generally smaller differences are noticeable for dry
Regimes 1 and 2. However, positive OLR differences
bear some similarities to those going from HIST to
PROJ (Figure 5, right and left panels) with convection
further inhibited in the vicinity of the IAS going from
PROJ to PROJ2.
Projected SST changes lead to drier wet regimes and
reduce broad ITCZ convection, while anomalous convec-
tive cells gradually develop further east of the Caribbean
with increasing lead time, all resulting in a drier IAS cli-
mate (Figure 2).
TABLE 1 Contingency tables of transitions between the seven daily OLR classes from ECHAM5 GOGA
Fromn
To Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 Class 7 Total
Class 1 700* (66.29*) 125 (11.84) 90 (8.52) 58 (5.49) 40 (3.79) 33 (3.12) 10 (0.95) 1,056 (19.83)
Class 2 118 (11.69) 611* (60.56*) 70 (6.94) 62 (6.14) 35 (3.47) 44 (4.36) 69 (6.84) 1,009 (18.95)
Class 3 90 (13.33) 62 (9.19) 388* (57.48*) 35 (5.19*) 7 (1.04) 82* (12.15*) 11 (1.63) 675 (12.68)
Class 4 43 (6.13) 34 (4.85) 25 (3.57) 440* (62.77*) 37 (5.28) 18 (2.57) 104* (14.84*) 701 (13.16)
Class 5 34 (5.95) 61 (10.68) 21 (3.68) 37 (6.48) 334* (58.49*) 44 (7.71) 40 (7.01) 571 (10.72)
Class 6 64 (10.02) 54 (8.45) 52 (8.14) 18 (2.82) 67 (10.49) 357* (55.87*) 27 (4.23) 639 (12.00)
Class 7 5 (0.74) 62 (9.20) 28 (4.15) 52 (7.72) 56 (8.31) 62 (9.20) 409* (60.68*) 674 (12.66)
Note: In parentheses are indicated the regime probabilities (in %) obtained by dividing separate class counts by the sum of the columns for each row and
indicating their respective proportions of occurrence. The scores indicated with a star are significant at 0.01 level of χ2 test.
TABLE 2 Similar as Table 1 but for ECHAM5 HIST experiments
Fromn
To Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 Class 7 Total
Class 1 975* (67.94*) 134 (9.34) 116 (8.08) 53 (3.69) 54 (3.76) 32 (2.23) 71 (4.95) 1,435 (26.95)
Class 2 148 (13.92) 656* (61.71*) 59 (5.55) 43 (4.05) 23 (2.16) 40 (3.76) 94 (8.84) 1,063 (19.96)
Class 3 116 (16.64) 40 (5.74) 397* (56.96*) 35 (5.02) 12 (1.72) 71* (10.19*) 26 (3.73) 697 (13.09)
Class 4 41 (9.28) 17 (3.85) 32 (7.24) 237* (53.62*) 25 (5.66) 18 (4.07) 72* (16.29*) 442 (8.30)
Class 5 60 (13.30) 43 (9.53) 30 (6.65) 21 (4.66) 248* (54.99*) 19 (4.21) 30 (6.65) 451 (8.47)
Class 6 45 (8.33) 48 (8.89) 54 (10.00) 18 (3.33) 54* (10.00*) 302* (55.93*) 19 (3.52) 540 (10.14)
Class 7 50 (7.17) 124 (17.79) 16 (02.30) 30 (4.30) 38 (5.45) 58 (8.32) 381* (54.66*) 697 (13.09)
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FIGURE 5 Mean may–November daily OLR anomalies (in W/m2) for the seven convection regimes across all (left panels) ECHAM5
2040–2059 PROJ ensemble experiments alongside their differences with HIST experiments (blue/red contours corresponds to negative/
positive differences starting at and every ±5 W/m2) and similar plots (right panels) for ECHAM5 2080–2099 PROJ2 and differences with
PROJ ensemble experiments. Only the grid-points for which anomalies are significant at 0.05 confidence level of Student's t-test are
displayed [Colour figure can be viewed at wileyonlinelibrary.com]
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4 | ASSOCIATED REGIME
CIRCULATION AND RAINFALL
AND SENSITIVITY TO CMIP5
FORCINGS
In this section, composites of anomalous rainfall and
atmospheric fields simulated in the different ECHAM5
experiments are analysed in regards to the convection
regime typology discussed in the previous section. The
composites are based on daily data and are used to inves-
tigate atmospheric sensitivity to CMIP5 historical SST
biases (HIST) and projected SST changes (PROJ and
PROJ2), with a particular focus on Regimes 4, 5 and
6 related to convective anomalies developing across
the IAS.
4.1 | Composite rainfall and atmospheric
circulation anomalies in GOGA
Rainfall anomaly composites based on GOGA daily OLR
are plotted in Figure 6 left panels for the days assigned to
each cluster and resemble those evidenced in VR17 from
observations with a systematic correspondence between
the polarity of the convection and rainfall anomalies for
all regimes. Regimes 1–3 are related to negative rainfall
anomalies over the IAS region and characterized by low-
level anticyclonic circulation anomaly (not shown)
resembling the transient GoM anticyclone (Chadee and
Clarke, 2015), which strengthens the CLLJ along its
southern branch between 10 and 15

N (Amador, 2008;
Cook and Vizy, 2010). This is consistent with VR17, who
noted that these jet modulations deprive most of the
Caribbean from its moisture inflow. Anomalous wet con-
ditions prevail across the IAS for Regime 7 during which
low pressure and cyclonic anomalies are centred over
Central America in GOGA similar to VR17 in observa-
tions, increasing moisture advection from the eastern
Pacific through strong easterly anomalies (not shown).
Anomalous wet conditions are found over northern
South America and the Lesser Antilles for Regime
4, southern Central America and the Greater Antilles
during Regime 5, and from Central America to Florida
for Regime 6. These regimes are associated with low pres-
sure cells and cyclonic circulation anomalies in GOGA
(Figure 8, right panels) generally similar to those identi-
fied in VR17 in observations. The low pressure cell's
mean location near 70

W is further west compared to
VR17 for Regime 4 and slightly shifted northwards
between 20 and 30

N for Regimes 5 and 6. Related
cyclonic circulation anomalies are stronger in Regime
5 than Regimes 4 and 6. Resulting negative and positive
TABLE 3 Similar as Table 1 but for ECHAM5 PROJ experiments
Fromn
To Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 Class 7 Total
Class 1 966* (68.27*) 124 (8.76) 129 (9.12) 65 (4.59) 92 (6.50) 25 (1.77) 14 (0.99) 1,415 (26.57)
Class 2 115 (11.81) 585* (60.06*) 56 (5.75) 74 (7.60) 60 (6.16) 47 (4.83) 37 (3.80) 974 (18.29)
Class 3 123 (18.14) 50 (7.37) 335* (49.41*) 38 (5.60) 30 (4.42) 95* (14.01*) 7 (1.03) 678 (12.73)
Class 4 41 (7.02) 50 (8.56) 50 (8.56) 333* (57.02*) 27 (4.62) 14 (2.40) 69* (11.82*) 584 (10.97)
Class 5 130 (18.06) 73 (10.14) 48 (6.67) 30 (4.17) 388* (53.89*) 29 (4.03) 22 (3.06) 720 (13.52)
Class 6 18 (3.28) 50 (9.11) 56 (10.20) 12 (2.19) 83* (15.12*) 288* (52.46*) 42* (7.65*) 549 (10.31)
Class 7 19 (4.69) 45 (11.11) 9 (2.22) 30 (7.41) 41 (10.12) 49* (12.10*) 212* (52.35*) 405 (7.61)
TABLE 4 Similar as Table 1 but for ECHAM5 PROJ2 experiments
Fromn
To Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 Class 7 Total
Class 1 1012* (70.52*) 100 (6.97) 114 (7.94) 105 (7.32) 75 (5.23) 26 (1.81) 3 (0.21) 1,435 (26.95)
Class 2 102 (11.81) 503* (58.22*) 60 (6.94) 78 (9.03) 39 (4.51) 50 (5.79) 32 (3.70) 864 (16.23)
Class 3 114 (17.09) 25 (3.75) 342* (51.27*) 48 (7.20) 38 (5.70) 94* (14.09*) 6 (0.09) 667 (12.53)
Class 4 75 (10.36) 73 (10.08) 48 (6.63) 398* (54.97*) 36 (4.97) 22 (3.04) 72* (9.94*) 724 (13.60)
Class 5 85 (13.16) 60 (9.29) 46 (7.12) 42 (6.50) 362* (56.04*) 26 (4.02) 25 (3.87) 646 (12.13)
Class 6 40 (7.13) 53 (9.45) 45 (8.02) 20 (3.57) 62 (11.05) 313* (55.79*) 28 (4.99) 561 (10.54)
Class 7 6 (1.40) 52 (12.15) 15 (3.50) 33 (7.71) 34 (7.94) 27 (6.31) 261* (60.98*) 428 (8.04)
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wind speed anomalies in Regime 4 are centred along
75

W at 12 and 22

N (Figure 8, contours), respectively,
indicating a weakening of the CLLJ along its southern
branch and enhanced trades north of CLLJ climatological
position, located at about (15
–20N; 65–75W) in GOGA
(Figure 10). Wind speed anomalies are organized in a





W and positive anomalies
reaching a maximum near 28

N and 60–87W. These jet
modulations expose most of the Caribbean to increased
trade-wind moisture inflow and thus rainfall (Figure 6),
as demonstrated for observations in VR17. The wind
anomaly pattern is shifted northwestwards for Regime







W intensifying the CLLJ along its southern
branch, where dry anomalies prevail, while the jet is
weakened along its northern branch increasing moisture
availability and rainfall over the GoM (Figure 6).
The low pressure and cyclonic anomalies shift west-
wards in the tropics from Regimes 4–6 (Figure 8),
concomitantly with the southward incursion of upper-
tropospheric negative geopotential anomalies in GOGA
FIGURE 6 Mean 1980–2005 May–
November daily rainfall anomalies
(in mm/day) for the seven convection
regimes across all ECHAM5 GOGA
(right) and HIST (centre) ensemble
experiments alongside their differences
(right, red/blue contours corresponds to
negative/positive differences starting at
and every ±1 mm/day). Only the grid-
points for which anomalies are
significant at 0.05 confidence level of
Student's t-test are displayed [Colour
figure can be viewed at
wileyonlinelibrary.com]
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(Figure 11), similarly noted in VR17 using vertical pro-
files (see their Figure 7) that are not shown here. Higher
amplitude ridge/trough anomalies in the upper tropo-
sphere (Figure 11) indicate stronger midlatitude wave
teleconnections in regimes 5–6 compared to Regime 4. In
Regimes 5 and 6, the upper-level anomalous ridges are
southwestwards of those in Regime 4, leading to
anomalous ridging across the northwest US, and negative
geopotential anomalies to the southeast for Regime
6. These sequences resemble those in VR17, in which the
westward propagation of convective cells from Regimes
4–6 has been related to potential vorticity
(PV) “streamers” during anticyclonic wave breaking
(Thorncroft et al., 1993; Davis, 2010). Upper-level
FIGURE 7 Mean 1980–2005 May–November daily rainfall anomalies (in mm/day) for the seven convection regimes across all (left
panels) ECHAM5 2040–2059 PROJ ensemble experiments alongside their differences with HIST experiments (red/blue contours corresponds
to negative/positive differences starting at and every ±1 mm/day) and similar plots (right panels) for ECHAM5 2080–2099 PROJ2 and
differences with PROJ ensemble experiments. Only the grid-points for which anomalies are significant at 0.05 confidence level of Student's
t-test are displayed [Colour figure can be viewed at wileyonlinelibrary.com]
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cyclonic anomalies to the northwest of maximum uplift
in the mid-troposphere near the surface anomalous
cyclonic cell centre (Figures 8 and 11), and anticyclonic
anomalies located to the east with anomalous mid-
tropospheric ascent to the southeast over the Caribbean,
are consistent with such dynamics. However, unrelated
Regimes 4–6 occurrences in Table 1 for GOGA suggests
that such propagation is not fully resolved in the model.
Altogether, the convection regimes observed in VR17
are well reproduced by ECHAM5 forced by observed
SSTs (GOGA), including those associated with tropical-
midlatitude interactions, however, there is no evidence
for the westward propagation of related convection
anomalies observed in VR17 across the IAS in the model.
4.2 | Sensitivity to CMIP5 SST forcings
4.2.1 | Historical SST biases
Rainfall anomalies for the HIST regimes and their differ-
ences with those from GOGA (Figure 6, centre and right
panels) are similar to the OLR patterns (Figure 4). Dry
Regimes 1–3 are less dry across the IAS in HIST com-
pared to GOGA due to a weaker CLLJ (not shown), while
Regime 7 is less wet in association with a stronger jet.
Anomalously wet conditions in Regimes 4–6 are
shifted southeastwards in HIST leading to drying over
the western Caribbean for Regime 4 and also wetter con-
ditions over the Lesser Antilles for Regime 5, while wet-
tening is shifted and increased over central IAS regions
and the South American coast for Regime 6 compared to
GOGA, consistent with differences in OLR anomalies
(Figure 4). In the tropics, these differences are related to
weaker low pressure and cylconic anomalies for Regime
4 in HIST resulting in the strengthening of the CLLJ
northward and more meridional narrowing compared to
GOGA (Figures 8 and 10). In association with the south-
eastward shift of cyclonic anomalies (Figure 8), wind
speeds for Regime 5 are further increased (decreased)
north (south) of the CLLJ climatological location com-
pared to GOGA, while their structure is comparable for
Regime 6 between both experiments (Figure 10). For all
three regimes, a stronger CLLJ in HIST than GOGA is
consistent with reduced rainfall over the IAS (Vecchi and
Soden, 2007; Rauscher et al., 2008, 2011). The upper-level
FIGURE 8 Mean 1980–2005 May–November daily 850 hPa geopotential (colour shading, in m), 925 hPa winds (vectors, in m/s) and
wind speed (contours starting at and every ±0.25 m/s, with blue/red contours corresponding to easterly/westerly anomalies) anomalies for
Regimes 4–6 identified across all ensemble members of ECHAM5 GOGA (left) and HIST (centre) experiments alongside their differences
(right, blue/red contours corresponding to negative/positive differences). Only the grid-points for which anomalies are significant at 0.05
confidence level of Student's t-test are displayed [Colour figure can be viewed at wileyonlinelibrary.com]
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wave breaking pattern has a lower amplitude in HIST
than GOGA Regimes 4–6 (Figure 11), with maximum
trough/ridge and uplift anomalies shifted southeast-
wards, similarly to convection (Figure 4).
Historical SST biases result in less dry and less wet
regimes compared to GOGA due to the respective weaken-
ing and strengthening of the CLLJ modulating moisture
availability over the IAS. The inhibition of uplift over the
IAS associated with the cold historical SST bias in the tropi-
cal Atlantic (Figure 2), is consistent with less favourable
conditions for the development of convective cells in the
tropics, as well as their interactions with upper-level wave
breaking patterns, both weakened in HIST.
4.2.2 | Projections
PROJ rainfall anomalies (Figure 7, left panels) reflect broader
dry conditions than HIST for dry Regimes 1 and 3, while
wetter conditions prevail off the Pacific coast for Regime
2. Differences in rainfall anomalies between PROJ and HIST
for dry Regimes 1–3 are of comparable order but opposite to
those between HIST and GOGA with areas of maximum
drying for PROJ (Figure 7a–c) located over those of
maximum rainfall increase from GOGA to HIST (Figure 6a–
c), indicating that drying from GOGA to HIST is occurring
where the model is biased wet. For Regime 7, PROJ wet-
tening is enhanced over the GoM/Central America and
reduced over Florida.
Sustained low pressure and cyclonic anomalies to the
east of the Caribbean for Regime 4 (Figure 9) translate in
wetter conditions further northwards in PROJ than HIST
(Figure 7). For Regimes 5 and 6, enhanced low pressure
anomalies over the northeast IAS and the GoM, respec-
tively, result in more local cyclonic anomalies in PROJ
than HIST with a weaker jet south of 20

N (Figure 10),
and increased moisture inflow to the northeast of the
Caribbean for Regime 5, and towards the southeast US in
Regime 6, where rainfall are enhanced (Figure 7). For
Regime 6, wetter conditions over the Pacific in PROJ
coincide with maximum uplift associated with stronger
wave breaking patterns (Figure 11). Enhanced upper-
level through/ridge anomalies and maximum uplift east
of the IAS for Regimes 4–6 in PROJ (Figure 11) are con-
sistent with the northward shift of convection compared
to HIST (Figure 5).
PROJ2–PROJ differences in rainfall anomalies for
Regimes 1–3 (Figure 7 right panels) are generally small,
FIGURE 9 Mean 1980–2005 May–November daily 850 hPa geopotential (colour shading, in m), 925 hPa winds (vectors, in m/s) and
wind speed (contours starting at and every ±0.25 m/s, with blue/red contours corresponding to easterly/westerly anomalies) anomalies for
Regimes 4–6 identified across all ensemble members of (left panels) ECHAM5 PROJ and differences (blue/red contours corresponds to
negative/positive differences) with HIST experiments, and similar plots for ECHAM PROJ2 (right panels) and differences with PROJ
experiments. Only the grid-points for which anomalies are significant at 0.05 confidence level of Student's t-test are displayed [Colour figure
can be viewed at wileyonlinelibrary.com]
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FIGURE 10 May–November mean 925 hPa winds (vectors, in m/s) and wind speeds (shadings, in m/s) for Regimes 4–6 averaged
across all ensemble members of ECHAM5 GOGA (top row), HIST (second row from top), PROJ (third row from top) and PROJ2 (bottom
row). Respective longitudinal (53.4–95.6 W) and latitudinal (12.5–26.5 N) wind speeds averages (in m/s) are shown in the bottom panels
[Colour figure can be viewed at wileyonlinelibrary.com]
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but display broader drying for Regime 1 in PROJ2 com-
pared to PROJ. This indicates a tendency towards
increasingly drier conditions in CMIP5 projections.
Regime 3 indicates wetter conditions off the Pacific coast
and the Greater Antilles, similar to the OLR patterns, in
PROJ2 than PROJ (Figure 5). The overall drying for
Regimes 1–2 in PROJ2 remains comparable in magnitude
but opposite to the rainfall increase between GOGA and
HIST further indicating that historical SST biases might
hinder regional drying in CMIP5 projections. The CLLJ is
strengthened along its southern branch for dry Regimes
1–2 in PROJ and PROJ2, driving more moisture west-
wards of the IAS for both time horizons compared to
HIST (not shown), with enhanced mean wind speeds
(Figure 10) consistent with circulation changes underly-
ing future IAS drying identified in earlier studies
(Rauscher et al., 2008, 2011; Taylor et al., 2013a).
For Regime 4, reduced low pressure and cyclonic
anomalies over the IAS in PROJ2 compared to PROJ
(Figure 9) lead to broader drying there (Figure 7). For
Regime 5, positive differences in geopotential anomalies
along the US southeast coast suggest a shift of the low
pressure cell centre eastwards, leading to increased rain-
fall east of the Caribbean and drying off the US east





(Figure 10) increases moisture advection towards the
Pacific, where wetter conditions prevail. For Regime
6, enhanced cyclonic anomalies off the US east coast are
FIGURE 11 Regimes 4–6 anomaly composites across all ensemble members of ECHAM5 GOGA (top row), HIST (second row from
top), PROJ (third row from top) and PROJ2 (bottom row) of 200 hPa geopotential (shadings, in m2/s2) and wind (vectors, in m/s) with
500 hPa vertical pressure velocity (red/blue thick contours at ±5 × 10−3 Pas−1 and then every 10−2 Pas−1 corresponding to descent/ascent
anomalies, respectively) anomalies. Only the grid-points for which anomalies are significant at 0.05 confidence level of Student's t-test are
displayed (for winds at least one component) [Colour figure can be viewed at wileyonlinelibrary.com]
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associated with a stronger jet north of 17

N and east of
65

W, while it is weakened southwards (Figure 10), indi-
cating that the trade-wind moisture inflow is deflected
further to the northeast of the IAS, where rainfall are
increased (Figure 7). Anomalous ridges and wave struc-
ture of greater amplitude emphasize the strengthening of
wave breaking patterns in Regimes 4–6 from PROJ to
PROJ2 (Figure 11) and enhanced uplift for the latter
compared to HIST suggest more intense extreme rainfall
in climate projections over the tropical Atlantic, but less
in the Caribbean where a stronger CLLJ weakens mois-
ture supply.
Projected SST changes gradually inhibit convection
within the ITCZ over the IAS and convection anomalies
develop further east of the Caribbean as time horizons
increase. CLLJ modulations lead to increased drying for
dry regimes in PROJ/PROJ2 compared to HIST of similar
magnitude to their wetting from GOGA to HIST.
FIGURE 12 Relative number
of occurrences of OLR classes in
NOAA over the 1980–2009 period
(blue) and averaged across ECHAM5
GOGA ensemble members over the
1980–2005 (red) periods, together
with (b) those for ECHAM5 GOGA,
HIST, PROJ and PROJ2 ensemble
experiments and (c) differences
between ECHAM5 HIST and GOGA,
ECHAM5 PROJ and HIST, as well as
ECHAM5 PROJ2 and PROJ averaged
across all ensemble members
expressed as a percentage of total
occurrences for each regime over the
1980–2005 period. Significant
differences are indicated by an
asterisk in (c) [Colour figure can be
viewed at wileyonlinelibrary.com]
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Regional drying in model projections could be obscured
by historical SST biases.
4.3 | Regime frequencies
The frequencies of GOGA regime occurrences in
1980–2005 (Figure 12) are similar to those computed
from observed NOAA OLR used in VR17 (Figure 12a).
However, ECHAM5 simulates more occurrences of dry
Regimes 1–2 and wet Regimes 4 and 7, but less for the
other regimes.
Similar counts are seen in Figure 12b when averaged
across HIST, PROJ and PROJ2 members, and exhibit
small spread amongst ensemble members compared to
the mean regime frequencies. However, HIST, PROJ and
PROJ2 have systematically more occurrences of Regime
1 associated with broad drying over the IAS region than
GOGA. Even though dry regimes are systematically less
dry in HIST compared to GOGA (see Section 4.2), the sig-
nificant increase in dry Regimes 1–3 occurrences (over
20% for Regime 1) in Figure 12c, together with less fre-
quent wet Regimes 4–7 (up to 50% for Regime 4, see
regime counts in Tables 1 and 2), are consistent with
drier conditions over the IAS for HIST in Figure 2a,
where subsiding anomalies (Figure 2) are consistent with
less convective cells (Regimes 4, 5 and 6) transiting across
the Caribbean.
When imposing 2040–2059 SST changes on observed
values, Figure 12c displays a significant increase of up to
almost 50% in Regime 5 frequency for PROJ experiments
in which the regime wet anomalies are shifted north-
wards (Figure 7) leading to drier conditions across the
IAS compared to HIST. By contrast, the number of occur-
rences of wet Regime 6 is significantly reduced compared
to HIST and, together with a reduction of about 70% in
wet Regime 7 frequency (see regime counts in Tables 2
and 3), the results could explain the tendency towards
drying associated with reduced uplift in the region
(Figure 2b), where a stronger CLLJ also weakens mois-
ture supply. This drying is offset by systematic, but non-
significant, reductions in the frequencies of dry regimes.
As shown by differences in regime counts between
Tables 3 and 4, the greatest change when superimposing
2080–2099 SST changes is an increase in Regime 4 fre-
quency (Figure 12c), for which wet anomalies are shifted
east of the IAS leading to drier conditions. Less frequent
Regimes 5–7 in PROJ2 compared to PROJ, even if non-
significant, further suggest that convective anomalies
develop more often over South America/eastern Carib-
bean rather than in the central IAS for longer time hori-
zons, consistently with reduced Caribbean rainfall in
Figure 2c and CMIP5 projections (Taylor et al., 2018)
In conclusion, historical SST biases modulate regime
frequencies explaining drier IAS climate for HIST than
GOGA through more frequent dry weather and less wet
regimes. Drying is increased for PROJ and PROJ2 projec-
ted SST changes due to the inhibition of the ITCZ-like
regime, while convective anomalies developing across
the IAS, are more frequent east of the Caribbean with
increasing lead.
5 | SUMMARY AND
CONCLUSIONS
This study has analysed IAS convection variability during
the May–November rainy season by clustering
(k − means) daily OLR anomalies (defined with respect
to the mean seasonal cycle) in AGCM experiments forced
by 1980–2005 observed SSTs (GOGA), and then with cli-
matological, multi-model mean CMIP5 SST biases (HIST)
and projected SST changes for 2040–2059 (PROJ) and
2080–2099 (PROJ2) imposed on top of observed values
(Figure 2). Seven patterns of anomalous convection are
identified from GOGA (Figure 3), each related to distinct
rainfall anomalies noted in observations in VR17. For
GOGA, three Regimes (1–3) of suppressed convection
during the main rainy season (Table 1) are associated
with anomalous anticyclonic circulation anomalies over
the GoM that strengthen the southern branch of the
CLLJ, depriving most of the Caribbean of moisture
inflow. Other regimes are related to enhanced convection
and cyclonic circulation anomalies across the Caribbean
exposed to increased trade-wind moisture inflow through
modulations of the CLLJ (Figure 10). The low-level
cyclonic anomaly is over Central America for one Regime
(7) and acts to increase rainfall over Central and South
America in a pattern typical of the northernmost ITCZ
summer location. The remaining three Regimes (4–6) are
all characterized by convective anomalies developing
across the IAS. These regimes have been found more fre-
quent during the second half of the season in VR17, who
also evidenced linkages to hurricane activity in the tropi-
cal Atlantic, with relationships to midlatitude Rossby
waves (Figure 11). Overall, historical CMIP5 SST biases
lead to a drier IAS climate, consistent with prevalent sub-
siding anomalies less favourable to the development of
convection including TCs (Figure 2).
Superimposing CMIP5 multi-model, climatological
mean biases on observed SSTs results in less dry
Regimes (1–3) but a drier ITCZ-like wet Regime (7).
The strengthening of the CLLJ north of its climatologi-
cal position during other regimes (Figure 10) coincides
with the southeastward shift of convective anomalies
developing across the IAS and associated wave breaking
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patterns that are weakened (Figure 11). Regime fre-
quencies are also altered (Figure 12), with 20% increase
in dry regimes occurrences and less frequent wet
regimes (up to 50%).
Systematically drier dry regimes over the northeast
Caribbean for PROJ 2040–2059 and PROJ2 2080–2099
horizons are related to a stronger CLLJ, agreeing with
earlier studies (Rauscher et al., 2008; Taylor et al.,
2013a). The inhibition of the ITCZ-like wet Regime 7 as
lead increases confirms a projected trend towards more
frequent dry weather (Campbell et al., 2011; Taylor
et al., 2011; Taylor et al., 2013a, 2013b, 2018). Regional
drying is also related to modulations in the frequency
and location of convection anomalies associated with
tropical-midlatitude interactions, which develop further
east of the Caribbean for projected horizons. Due to con-
comitant shifts in maximum CLLJ wind speeds and
strengthened upper-level wave breaking patterns as lead
increases, convective cells develop more often over
South America and to the northeast of the Greater
Antilles. Increased uplift, convection and rainfall anom-
alies for two more frequent wet Regimes (4–5) indicate
more intense rainfall events over the tropical Atlantic,
as recently evidenced (Wehner et al., 2018). Consistent
with CMIP3/5 projections (Rauscher et al., 2011; Taylor
et al., 2018), a novel finding from this study suggests
that parts of the Caribbean might be less vulnerable to
extreme precipitation, due to the shift of environmental
conditions favourable to their development eastwards of
the IAS, while more intense rainfall events might affect
the southeast US. Drying over the Greater Antilles could
suggest the modulations of distinct regional rainfall pat-
tern, such as the weakening of the Caribbean rain-belt
in early spring (Allen and Mapes, 2017), however, fur-
ther analysis is needed in terms of regimes' seasonality
to investigate such aspects.
In summary,
1. CMIP5 SST biases lead to drier IAS climate in HIST
compared to GOGA through more frequent dry
weather and less wet regimes for which drying and
wetting is respectively, reduced by CLLJ modulations,
2. Projected 2040–2059 SST changes increase drying by
inhibiting convection within the ITCZ and shifting
anomalous convective cells developing in the IAS fur-
ther east of the Caribbean. A stronger CLLJ increases
drying for dry regimes with comparable magnitude to
their wetting from GOGA to HIST, suggesting that his-
torical SST biases might hinder future drying in regional
projections,
3. Further drying for 2080–2099 is related to more con-
vective cells developing further eastwards and leading
to wetter conditions in the tropical Atlantic.
Even though projected changes are of the same order
of those from CMIP5 biases in SST distribution, drier
weather and modulations of tropical–midlatitude interac-
tions between easterly waves synoptic-scale activity and
westerly wave breaking as lead increases, all confirm the
robust drying trend in current coupled model projections.
However, the modelling experiments used in this analysis
do not allow to directly infer how future projections will
change without the models' biases.
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